ASMMC.047AUS PATENT 
METHOD TO FABRICATE DUAL METAL CMOS DEVICES 



Reference to Related Applications 

[0001] The present application claims priority under 35 U.S.C. §120 to U.S. 
provisional application number 60/430,960, filed December 3, 2002. 

Field of the Invention 

[0002] The present invention relates generally to processes for forming dual metal 
CMOS devices. 

Background of the Invention 

[0003] The gate electrode is one of the most important functional components of 
MOSFET devices. Polysilicon is now typically used as the gate electrode material in the 
transistor gate stack. Today's transistors have poly-Si gates so highly doped as to be almost 
as conductive as metal. However, the solubility of dopants in poly-Si is limited to around 
5xl0 20 atoms/cm 3 . The dopant solubility restricts the number of charge carriers in poly-Si. 
As a result, a depletion layer is formed at the polysilicon dielectric interface when the gate is 
biased. The depletion region increases the equivalent oxide thickness (EOT) of the gate stack 
at least 4 - 5 A, regardless of the level to which the poly-Si is doped. As a result, it is 
desirable to replace poly-Si with a metallic material. In practice, metallic materials have an 
infinite amount of carriers (5xl0 22 atoms/cm 3 ) and therefore the thickness of the depletion 
region is virtually zero. In other words, the EOT can be decreased 4 - 5 A just by replacing 
the poly-Si gate with a metal gate. 

[0004] One of the most important properties of the metal gate is its work function. 
The work function, together with the doping level of substrate, determines the threshold 
voltage of the MOS-transistor. The work function of a metal electrode material should be 
about 4.0 to 4.2 eV in NMOS field effect transistors and about 5.0 - 5.2 eV in PMOS field 
effect transistors. 
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[0005] Most of the research regarding metal gates/electrodes has been done in 
relation to the use of physical vapor deposition (PVD). PVD allows the use of a wide range 
of different materials. However, because of the sputter damage to the gate dielectric layer 
and the non-uniformity of films deposited on the substrate, it is unlikely that PVD will be 
used in future production of MOSFETs. Chemical vapor deposition (CVD) methods also 
have a number of significant drawbacks. CVD methods demand high deposition 
temperatures in order to achieve low impurity levels. As a result, these methods will degrade 
the gate dielectric layers. At lower deposition temperatures, CVD methods leave too high a 
concentration of impurities in the film, also degrading the gate dielectric layer. 

[0006] In dual metal CMOS processing, where two different metal electrode 
materials are needed for the PMOS and NMOS transistors, the gate dielectric layer is 
exposed to etch processes after growing/depositing the first p-type gate electrode over the 
PMOS in order to make deposition of n-type electrode possible over the NMOS, or vice versa 
if the n-type gate electrode is deposited first. If the upper region of the gate dielectric layer is 
exposed to the etch processes used for metal gate stack patterning, the electrical properties of 
the MOS transistor are likely to be degraded. Thus, it would be useful to have a way to do 
the CMOS processing without exposing the gate dielectric layer to the etch processes. 

Summary of the Invention 

[0007] The preferred embodiments of this invention relate to deposition of metal 
gates/electrodes of metal-oxide-semiconductor-field-effect-transistors (MOSFET) by atomic 
layer deposition (ALD) methods and fabrication process flows for complementary metal- 
oxide-semiconductor transistors (CMOS). 

[0008] According to one aspect of the invention, a gate stack in an integrated 
circuit is provided comprising a PMOS region, an NMOS region and a barrier layer. The 
barrier layer preferably overlies both the NMOS region and the PMOS region. The barrier 
layer preferably is formed from a conductive material and is less than about 100 A thick, 
more preferably less than about 50 A thick, yet more preferably less than about 30 A thick. 

[0009] The gate stack can additionally comprise a first gate electrode layer and a 
second gate electrode layer. The first gate electrode layer comprises a first gate electrode 
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material and the second gate electrode comprises a second gate electrode material. Preferably 
the first and second gate electrode materials are conductive. In preferred embodiments, the 
first gate electrode material is different from the second gate electrode material. 

[0010] In one embodiment the first gate electrode layer overlies the PMOS region 
and the second gate electrode region overlies the NMOS region. The work function of a 
transistor defined in the PMOS region is preferably determined by the first gate electrode 
material, while the work function of a transistor defined in the NMOS region is preferably 
determined by the second gate electrode material. 

[0011] Methods for forming a gate stack in an integrated circuit are also provided. 
In preferred embodiments a dielectric layer is deposited over a substrate and a barrier layer is 
deposited directly over the dielectric layer. A first gate electrode layer is then formed over a 
first region of the substrate and a second gate electrode is formed over a second region of the 
substrate. 

[0012] According to one embodiment, a first gate electrode layer is formed by 
protecting the first region of the substrate with a mask layer and depositing a layer of first 
gate electrode material over the first and second regions of the substrate. The layer of first 
gate electrode material is preferably planarized, such as by chemical mechanical polishing. 
The mask layer is then removed from over the first region of the substrate and a second layer 
of gate electrode material is deposited to form the second gate electrode layer. 

[0013] In another embodiment the first gate electrode layer is formed by 
depositing a first layer of gate electrode material over the first and second regions of the 
substrate. The layer is then etched to form a first gate electrode layer over the first region. A 
second layer of gate electrode material is deposited to form a second gate electrode layer. 

[0014] In a further embodiment a first gate electrode is formed over the first 
region of the substrate by differentially etching the barrier layer over the second region to a 
thickness of less than about 100 A, more preferably less than about 50 A, and yet more 
preferably less than about 30 A. A second layer of gate electrode material is then deposited 
to form a second gate electrode layer. 
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Brief Description of the Drawings 

[0015] Figures 1-9 illustrate steps of one process flow for the formation of a gate 
electrode, in accordance with an embodiment of the present invention. 

[0016] Figures 10-18 illustrate steps of a second process flow for the formation of 
a gate electrode, in accordance with another embodiment of the present invention. 

[0017] Figures 19-22 illustrate steps of a third process flow for the formation of a 
gate electrode, in accordance with a further embodiment of the present invention. 

Detailed Description of the Preferred Embodiments 
[0018] While illustrated in the context of transistor gate stacks, the skilled artisan 
will readily find application for the principles and advantages disclosed herein to other 
situations where similar electrical and physical properties are desired at an interface that 
extends across different regions or devices of an integrated circuit. 

[0019] According to one aspect of the present invention, a gate stack is provided 
comprising a barrier layer overlying the gate dielectric layer. Preferably, in a CMOS 
structure the barrier layer is located over both the PMOS and NMOS regions and is thin 
enough that the work function is dictated by the composition of the material overlying the 
barrier layer at each region. Typically, the barrier layer is less than about 50 angstroms thick, 
more preferably less than about 30 angstroms. However, if it is desired to have the barrier 
layer influence or determine the work function, a layer that is thicker than about 50 
angstroms may be employed. A barrier layer with a thickness greater than about 50 
angstroms and less than about 100 angstroms will influence the work function but will not 
determine it, and is contemplated in some embodiments. A barrier layer with a thickness 
greater than about 100 angstroms will determine the work function. Thus, the barrier layer 
may be thinner or thicker than the underlying dielectric layer. 

[0020] The barrier layer typically comprises a conductive material, such as a 
metal nitride. For example, and without limitation, the barrier layer may be formed from Ni, 
W, Pt, Co, TiN, TiAl x N y , TaN, TaAl x N y , Ru, Ru0 2 , Ir, Ir0 2 , HfN, HfAl x N y , HfSi x N y and 
WN x C y (tungsten nitride carbide). The barrier layer preferably exhibits properties of a 
diffusion barrier, as described below. 
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[0021] The barrier layer may be deposited by any method known in the art. For 
example, and without limitation, the barrier layer may be deposited by atomic layer 
deposition (ALD), chemical vapor deposition (CVD), electrochemical deposition (ECD), 
physical vapor deposition (PVD), metal organic CVD (MOCVD), plasma enhanced ALD or 
plasma enhanced CVD. In a particular embodiment the barrier layer is formed by ALD. 

[0022] For the purpose of the present invention, "ALD" designates a process in 
which deposition from vapor phase material onto a surface is based on sequential and 
alternating self-saturating surface reactions. Atomic Layer Deposition (ALD) is a self- 
limiting process, whereby alternated pulses of reaction precursors saturate a substrate and 
leave no more than about one monolayer of material per pulse. The precursors are selected 
such that an adsorbed layer in one pulse leaves a surface termination that is non-reactive with 
the gas phase reactants of the same pulse, thus ensuring a self-limiting reaction. A 
subsequent pulse of different reactants do react with the previous termination to enable 
continued deposition. Thus, each cycle of alternated pulses leaves no more than about one 
molecular layer of the desired material. Some variations of ALD attempt to increase the 
deposition rate while still taking advantage of self-limiting reactions and attendant step 
coverage advantages. The ALD process is preferably carried out at a temperature that is high 
enough to avoid condensation of reactants on the substrate and low enough to avoid the 
thermal decomposition of the reactants. The principles of ALD type processes have been 
presented by T. Suntola, e.g. in the Handbook of Crystal Growth 3, Thin Films and Epitaxy, 
Part B: Growth Mechanisms and Dynamics, Chapter 14, Atomic Layer Epitaxy, pp. 601-663, 
Elsevier Science B.V. 1994, the disclosure of which is incorporated herein by reference. 

[0023] In one embodiment, the barrier layer is a nanolaminate structure (i.e., one 
with multiple layers of different materials, each layer having a thickness on the order of 
nanometers) or a ternary complex. For example, the barrier layer may be a nanolaminate 
structure comprising a plurality of thin layers of different materials. Preferably, the 
nanolaminates comprise amorphous layers. For example, nanolaminates similar to those 
described in WOO 1/29893, incorporated herein by reference, can be used. 

[0024] The gate dielectric layer is preferably characterized by a high dielectric 
constant (high k). The high dielectric material preferably has a dielectric constant greater 
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than 5. More preferably the high dielectric material has a dielectric constant greater than 
about 10. Such "high-k" materials include oxides of Group 4 and Group 5 metals (e.g., Ti, 
Zr, Hf, V, Nb, Ta), as well as more complex oxides. "High-k" materials can also include 
lanthanide ("rare earth") oxides, such as lanthanum oxide (k - 21), neodymium oxide (k ~ 
16) and cerium dioxide (k « 15). In other arrangements, it will be understood that the high-k 
material can comprise multiple materials, either as a ternary structure or a laminate of 
multiple high-k material layers. 

[0025] Thus, the gate dielectric may be made of any material known in the art, 
including hafnium oxide (Hf0 2 ), zirconium oxide (Zr0 2 ), titanium dioxide (Ti0 2 ), tantalum 
oxide (Ta^), barium strontium titanate (BST), strontium titanate (ST), barium titanate (BT), 
lead zirconium titanate (PZT) and strontium bismuth tantalate (SBT). The dielectric layer 
may comprise multiple materials, for example as a ternary structure or a laminate of multiple 
layers. Preferred gate dielectrics comprise Zr0 2 or Hfl0 2 . 

[0026] An interfacial layer may be present between the substrate and the gate 
dielectric layer. The interfacial layer typically comprises Si0 2 or SiO x N y and is about 5 
angstroms thick. In one embodiment the interfacial layer comprises a native oxide. 

[0027] The barrier layer protects the underlying dielectric layer from sputter 
damage and etch damage during subsequent processing steps, such as defining and patterning 
the gate electrodes. The barrier layer can also serve as a diffusion barrier and prevent the 
diffusion of molecules, atoms or ions from the solid phase on one side of the barrier to the 
solid phase on the other side of the barrier. For the barrier layer to function effectively as a 
diffusion barrier, a minimum thickness of at least about one molecular layer is desired, 
preferably between about 1 and 4 molecular layers, more preferably between about 1 and 
about 50 molecular layers. 

[0028] The barrier layer may also serve to prevent the material underneath the 
barrier from reacting with the surroundings. For example, it may prevent further growth of 
an underlying interfacial oxide layer during subsequent processing. Many of the processes 
for formation of the metal gate/electrode involve the use of oxygen, which could increase the 
thickness of an interfacial layer between the substrate and the gate dielectric. This is 
particularly true if the dielectric material is a good oxygen conductor. The deposition of a 
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barrier layer, such as a thin layer of conductive material over the dielectric prior to formation 
of the gate electrode will prevent further oxidation of the substrate or dielectric and thus 
prevent a resulting increase in equivalent oxide thickness. 

[0029] A gate electrode is formed over the barrier layer. In the preferred 
embodiments, the gate electrode comprises a first gate electrode layer over a first region of 
the substrate, for example over the PMOS region, and a second gate electrode layer over a 
second region of the substrate, for example the NMOS region. The first and second gate 
electrode layers are typically adjacent when they are formed, although intervening space or 
materials can be present initially or later when the gate electrodes are patterned. The first and 
second gate electrode layers preferably determine the work function of the transistor gate 
electrodes defined in the first and second regions of the substrate, such as the PMOS and 
NMOS regions respectively. 

[0030] In the preferred embodiments the gate material of the first gate electrode 
layer is different from the gate material of the second gate electrode layer. Materials for use 
in gate electrodes are typically conductive. Materials that may be used for the gate electrode 
layers are well known in the art and include, without limitation, polysilicon, Ni, W, Pt, Co, 
TiN, TiAl x N y , TaN, TaAl x N y , Ru, Ru0 2 , Ir, Ir0 2 , HfN, HfAl x N y , HfSi x N y and WN x C y 
(tungsten nitride carbide). 

[0031] One or both of the first and second gate electrode layers may in turn be 
covered by an additional layer of conductive material. The composition of the additional 
layer may be the same as one or both of the gate electrode layers. Alternatively, the 
composition of the additional layer of conductive material may be different from both of the 
underlying gate electrode layers. When an overlying conductive layer is employed, it is 
possible to control the work function of the gate electrodes by varying the thickness of the 
lower first and second gate electrode layers between about 0 and about 100 angstroms. The 
thinner the lower first and second gate electrode layers are, the closer the work function of 
the gate electrodes is to the work function of the overlying layer of conductive material. 
When the thickness of the material of the first or second gate electrode layers exceeds about 
100 angstroms, the work function of the gate electrode is the same as the work function of the 
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material of the lower first or second gate electrode. In addition, the work function can be 
influenced by varying the thickness of the barrier layer, as described above. 

[0032] In some embodiments the barrier layer is formed from the same material 
as one of the first or the second gate electrode layers. However, in other embodiments the 
barrier layer is a different material from both gate electrodes. 

Exemplary Process Flows 

[0033] Three preferred process flows for forming a CMOS gate structure with a 
barrier layer are described below. However, the disclosed process flows are exemplary and 
not limiting, as other process flows that may be used in this and other contexts will be 
apparent to the skilled artisan. 

[0034] Figures 1 through 9 illustrate a first process flow for the formation of a 
gate stack according to one aspect of the invention. A gate dielectric is typically located 
between the substrate and the overlying gate electrode. In Figure 1, a gate dielectric 10, such 
as a gate oxide, is shown over a semiconductor substrate 100 comprising PMOS 50 and 
NMOS 70 regions. One of skill in the art will recognize that the location of the PMOS 50 
and NMOS 70 regions can be reversed. The substrate 100 typically comprises silicon but can 
in other arrangements comprise Si x Ge,„ x and III-IV materials such as GaAs. The substrate 
100 can be a bare wafer or can include top layer(s) of epitaxial semiconductor material. 

[0035] As discussed above, a barrier layer 200 is preferably deposited over the 
gate dielectric layer 10, overlying both the PMOS 50 and NMOS 70 regions. The barrier 
layer 200 overlying the gate dielectric 10 is illustrated in Figure 2. If thick enough, the 
barrier layer 200 can determine the work function of the whole gate electrode. Thus, the 
barrier layer is typically kept thin enough that it does not affect the work function, preferably 
less than about 100 angstroms, more preferably from about 3 to about 50 angstroms, yet more 
preferably from about 3 to about 30 angstroms. However, a thicker barrier layer may be used 
if an effect on the work function is desired. 

[0036] In one embodiment the barrier layer 200 comprises a thin layer of gate 
electrode material that has been deposited over the gate dielectric 10 and both the NMOS 70 
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and PMOS 50 regions. The barrier layer 200 is preferably deposited by atomic layer 
deposition. 

[0037] As illustrated in Figure 3, a mask layer 300, such as a photoresist, is 
deposited over the barrier layer 200. The mask layer 300 is subsequently patterned, such as 
by conventional photolithographic techniques, so that it is differentially present over one of 
the PMOS 50 or NMOS 70 regions, but not both. As illustrated in Figure 4, the mask layer 
300 is left only over the PMOS region 50. 

[0038] Following patterning of the mask layer 300 a thick layer of gate electrode 
material 250 is deposited (Figure 5). The thick layer of gate electrode material 250 may be 
deposited by any suitable method, such as PVD, CVD or ALD. Preferably the thick layer of 
gate electrode material 250 is deposited by ALD. The thick layer of gate electrode material 
250 is preferably deposited to a thickness from about 50 A to about 800 A, more preferably 
to a thickness from about 100 A to about 400 A. 

[0039] Materials that may be used for the gate electrode are well known in the art, 
as described above. In one embodiment, the thick layer of gate electrode material 250 is the 
same material as the barrier layer 200. 

[0040] The thick layer of gate electrode material 250 is subsequently planarized 
or otherwise patterned (Figure 6) such that a first gate electrode layer 250 is formed over one 
of the PMOS 50 or NMOS 70 regions, rather than both. As illustrated in Figure 6, the first 
gate electrode layer 250 is formed over the NMOS region 70. The first gate electrode layer 
250 preferably has a thickness from about 50 A to about 800A, more preferably from about 
100 A to about 400 A. 

[0041] The remaining mask layer 300, which is present over the opposite region, 
is then removed (Figure 7). The barrier layer 200 protects the dielectric layer 10 during 
removal of the mask layer 300, which typically involves treatment with oxygen plasma or 
ozone ("ashing"). 

[0042] At this point, a thin layer of gate electrode material 150 may optionally be 
deposited over both the PMOS 50 and NMOS 70 regions (Figure 7). This second layer may 
be beneficial to the electrical properties of the transistor because the electrical properties of 
the transistor are predominately determined by the region within about 100 angstroms of the 
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gate dielectric. Preferably, this thin layer of gate electrode material 150 is deposited by ALD 
to a thickness from about 3 A to about 100 A, more preferably from about 3 A to about 50 A. 

[0043] As shown in Figure 8 a thick layer of conductive material 400 is deposited 
over both the PMOS 50 and NMOS 70 regions. The thick layer 400 may be comprised of 
any conductive material known in the art, for example, W, Al, Ni, Ru, Ru0 2 and poly-Si. 
Other materials that may be used in the thick layer 400 of conductive material will be 
apparent to the skilled artisan. The conductive material 400 may be deposited by any suitable 
method known in the art, such as ALD, CVD or PVD. In a particular embodiment the 
conductive material is deposited by ALD. The thick layer of conductive material 400 is 
preferably deposited to a thickness from about 50 A to about 800 A, more preferably to a 
thickness from about 100 A to about 400 A. 

[0044] Subsequently, the thick conductive layer 400 is planarized, for example, 
by chemical mechanical polishing (CMP), as illustrated in Figure 9 to form the second gate 
electrode layer 400. Figure 9 shows the second gate electrode layer 400 formed over the 
PMOS region 50. The second gate electrode layer 400 preferably has a thickness from about 
50 A to about 800 A, more preferably from about 100 A to about 400 A. The second gate 
electrode layer 400 preferably comprises a different material from the first gate electrode 
layer 250. Planarization may be accomplished. The thick conductive layer 400 forms the 
second gate electrode. 

[0045] In the resulting gate stack with a thin barrier layer 200 (less than about 50 
A) over the gate dielectric 10, the work function is determined by the material overlying the 
barrier layer 200. Thus, in the gate stack illustrated in Figure 9, the work function of 
transistors in the NMOS region 70 is determined by the first gate electrode layer 250. The 
work function of transistors in the PMOS region 50 is determined by the second gate 
electrode layer 400. One of skill in the art will recognize that in the process flow illustrated 
in Figures 1-9, the location of the PMOS 50 and NMOS 70 regions and/or the first and 
second gate electrode layers can be reversed. 

[0046] A second process flow is illustrated in Figures 10-18. Again, a gate 
dielectric 10, preferably a gate oxide, is deposited over a substrate 100 comprising a first 
PMOS transistor region 50 and a second NMOS transistor region 70, as shown in Figure 10. 
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As in the process flow described above, the locations of the PMOS 50 and NMOS 70 regions 
may be reversed. A thin barrier layer 200 is deposited over the gate dielectric 10, to form the 
structure illustrated in Figure 11. The thin barrier layer 200 may comprise any conductive 
material, as described above. Preferably, the thin barrier layer 200 having a thickness of less 
than about 100 A comprises a gate electrode material. 

[0047] In contrast to the process flow described above, a thick conductive layer 
400 is formed over the barrier layer 200. Preferably the thick conductive layer is from about 
3 A to about 800 A thick, more preferably from about 100 A to about 400 A thick. A mask 
layer 300, such as a layer of photoresist, is formed over the thick conductive layer 400. The 
resulting structures are illustrated in Figures 12 and 13. 

[0048] The mask layer 300 is patterned, for example by photolithography, and the 
thick conductive layer 400 is differentially removed, such as by etching from above the 
NMOS region 70 but not the PMOS region 50, to form a first gate electrode layer 400 as 
illustrated in Figure 14. The barrier layer 200 protects the dielectric layer 10 during the etch 
process. A selective etch process can be used if the thick conductive layer 400 is a different 
material from the barrier layer 200. Timed etching or optical end point etching could also be 
used. 

[0049] The remaining mask layer 300 is removed, as shown in Figure 15. For 
example, treatment with oxygen plasma or ozone may be used to remove the mask layer 300. 
The barrier layer 200 protects the substrate from oxidation and damage during this process. 

[0050] A thick layer of gate electrode material 250 is deposited over both the 
PMOS 50 and NMOS 70 transistor regions (Figure 16). Preferably the thick layer of gate 
electrode material is from about 3 A to about 800 A thick, more preferably from about 100 A 
to about 400 A thick. The thick layer of gate electrode material 250 is planarized, such as by 
CMP, to produce a structure comprising a first gate electrode layer 400 and a second gate 
electrode layer 250, as shown in Figure 17. 

[0051] The process flow is completed by depositing a further thick layer of 
conductive material 500 over both transistor regions, as illustrated in Figure 18. The thick 
layer of conductive material 500 is preferably from about 50 A to about 800 A thick, more 
preferably from about 100 A to about 400 A thick. 
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[0052] A third process flow is illustrated in Figures 19-22. A thick layer of 
conductive material 700, preferably with barrier characteristics, is deposited over the gate 
dielectric 10 on a substrate 100 comprising a PMOS region 50 and NMOS region 70 to 
produce the structure illustrated in Figure 19. A mask layer 300, such as a layer of 
photoresist, is deposited over either the PMOS region 50 or NMOS region 70. Figure 20 
illustrates an embodiment in which the mask 300 is deposited over the NMOS region 70. 

[0053] The thick layer of conductive material 700 is etched where it is not 
masked. The etch is timed such that the dielectric 10 is not exposed and a thin barrier layer 
200 is formed over one transistor region, for example the PMOS 50 region as shown in 
Figure 21. The remaining thick area under the mask forms a first gate electrode layer 700 
over the opposite transistor region, here the NMOS region 70, as illustrated in Figure 21. 
Typically, the thin barrier layer 200 is less than about 100 A, more preferably from about 3 A 
to about 50 A, even more preferably from about 3 A to about 30 A. 

[0054] The remaining mask layer 300 is removed from over the first gate 
electrode 750, such as by treatment with oxygen plasma. The barrier layer 200 protects the 
underlying dielectric from damage during this process. Subsequently, a layer of gate 
electrode material 800 is deposited over the PMOS 50 and NMOS 70 regions (Figure 22). 
The layer of gate electrode material serves as the second gate electrode layer. 

[0055] In each process flow, the work function can be tuned to the desired level, 
preferably to a range from about 4.0 to about 4.2 eV for the NMOS regions and from about 
5.0 to about 5.2 eV for the PMOS regions. This may be done by selecting the composition, 
composition gradient and thickness of each of the layers in the gate stack, including the 
barrier layer and the first and second gate electrode layers. 

[0056] Each of the layers in the described process flows may be deposited by any 
method known in the art. Preferably, however, at least one of the layers is deposited by 
atomic layer deposition. 

[0057] After forming a gate stack, for example by one of the process flows 
described above, the electrodes of the CMOS transistors are defined with lithography. 
Etching of the gate electrodes is simplified because the barrier layer overlies both the PMOS 
and NMOS regions. Thus, the same material is present over both CMOS transistor regions 
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and a differential etch can be avoided. In one embodiment, an etch through the overlying 
materials stops on the barrier layer. A less harmful etch process can then be used to remove 
the thin barrier layer from over the gate dielectric. 

[0058] Further, the barrier layer deposited in each of the disclosed process 
sequences protects the gate dielectric from etch or sputter damage, such as during subsequent 
PVD deposition of upper metal electrode layers and during oxygen-containing processes, 
such as photoresist ashing. 

[0059] In one embodiment the barrier layer is deposited in the same reaction 
space as the dielectric layer. "Reaction space" designates a reactor or reaction chamber in 
which the conditions can be adjusted so that deposition of the thin layer of gate electrode 
material by ALD is possible. Preferably the barrier layer is deposited immediately after the 
dielectric layer. Thus, in a particular embodiment, the barrier layer is deposited by ALD 
immediately after the deposition of the dielectric layer in the same reaction space. 

Pre-Deposition Treatment 

[0060] If the dielectric material comprises an oxide, for example hafnium dioxide 
(Hf0 2 ) deposited by ALD, the surface of the dielectric layer will comprise hydroxyl groups. 
If the subsequent deposition of a gate electrode material is begun by introduction of a metal 
source chemical pulse, a molecular layer of metal oxide (typically different from the material 
selected for the gate dielectric) will grow on the surface and the equivalent oxide thickness of 
the dielectric layer will increase. This is a non-limiting example of a situation in which 
treatment of the dielectric layer prior to deposition of the barrier layer may be beneficial. 

[0061] In one embodiment an oxide dielectric layer is treated to replace OH 
groups on the surface with N, NH and/or NH 2 groups prior to deposition of a barrier layer, 
such as a thin layer of gate electrode material. Following such treatment the first metal 
source chemical pulse will react with the NH and/or NH 2 groups on the surface and a 
molecular metal nitride layer will grow on the surface of the dielectric layer. As a result, the 
equivalent oxide thickness of the high-k layer does not increase. This treatment is 
particularly advantageous where the barrier layer is a metal nitride. 
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[0062] In a particular embodiment a high-k oxide surface is treated with ammonia 
(NH 3 ) gas. Preferably, the treatment is continued for over 1 second, preferably for about 10 
seconds to about 60 seconds, at a temperature over about 300°C, preferably at a temperature 
from about 300°C to about 450°C. 

[0063] The pre-deposition treatment may be part of the process by which the gate 
electrode material is deposited. For example, if NH 3 pulses are utilized in an ALD process. 
The process may be started with a pulse of NH 3 , thus replacing the surface OH groups with 
NH and/or NH 2 groups. Preferably the first NH 3 pulse is longer than the subsequent NH 3 
pulses. The first NH 3 pulse is preferably greater than about 10 seconds, more preferably 
greater than about 30 seconds, and in one embodiment is about 60 seconds in length. 
Subsequent NH 3 pulses are preferably of shorter duration to minimize deposition time. 
Preferably subsequent NH 3 pulses are from about 0.05 to about 5 seconds, more preferably 
from about 0.05 to about 2 seconds. 

[0064] According to another embodiment the high k oxide surface is treated with 
radicals. In a particular embodiment the dielectric is treated with nitrogen/hydrogen plasma, 
for example for about 60 seconds. In case of radicals the substrate can also be heated to 
temperatures lower than about 300°C. In another embodiment, the high-k oxide surface is 
treated with NH or NH 2 radicals. The radicals may be generated, for example, from 
hydrazine. Surface treatment of high-k dielectrics prior to conductor deposition is described, 
for example, in U.S. patent application number 09/944,734, which is hereby incorporated by 
reference. 

Example 1 

[0065] Hafnium dioxide (3-5 nm) was deposited by ALD on native oxide on a 
silicon substrate. Hafnium dioxide thin films were deposited at 300°C on top of native oxide 
or thin chemical silicon oxide made with IMEC-clean®, commonly available from EMEC 
VWZ, Belgium, using hafnium chloride and water as reactants. 
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[0066] Titanium nitride (TiN) thin films were deposited on top of the atomic layer 
deposited hafnium dioxide thin films. The TiN thin films were deposited in a Pulsar®2000 
ALCVD™ Reactor (ASM Microchemistry Oy). 

[0067] In one set of experiments the TiN was deposited from titanium 
tetrachloride (TiCl 4 ) and ammonia (NH 3 ). In another set of experiments TiN was deposited 
by in situ plasma enhanced atomic layer deposition (PEALD) using TiCl 4 and 
nitrogen/hydrogen plasma. Titanium nitride thin films were deposited at 350°C from TiCl 4 
and NH 3 in a standard ALD reaction or from TiCl 4 and nitrogen/hydrogen plasma at 250°C. 
The films were characterized using standard techniques. 

[0068] The average growth rate of titanium nitride deposited by ALD was 0.02 
nm/cycle. Films were very uniform and had a stoichiometry of TiN, 10 . There was about 0.5 
to 3 atomic-% residual chlorine in the films. Films were oxidized in the air up to a depth of 
approximately 25 nm, with a resulting oxygen concentration of about 30 atomic-% at the film 
surface. In the bulk film the oxygen concentration was below the detection limit of TOF- 
ERDA (Time of Flight Elastic Recoil Detection Analysis). Films were polycrystalline cubic 
titanium nitride. 5 nm thick films consisted of many different crystal orientation phases and 
also amorphous phases. Thicker films (over 50 nm) consisted primarily of <111> crystal 
orientation. Resistivity was found to depend on the thickness of the film and varied from 
about 440 jiQcm to about 1600 jaQcm. It should be noted that these films were deposited for 
experimental use to characterize the material. Barrier layer films are preferably much 
thinner, as described above. 

[0069] The average growth rate of titanium nitride films deposited by in situ 
plasma enhanced ALD was about 0.03 nm/cycle. The films comprise about 2 to about 6 
atomic-% residual chlorine. The concentration of titanium in the films was approximately 50 
atomic-%, indicating nearly stoichiometric TiN. Films comprised polycrystalline cubic 
titanium nitride. 5 nm thick films were very crystalline despite the low growth temperature. 
Thicker films (over 50 nm) consisted mostly of <200> crystal orientation. Resistivity of the 
films varied in the range of 170 jiDcm to about 430 nQcm. 

Example 2 
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[0070] A dielectric layer is deposited on a silicon substrate by atomic layer 
deposition. A barrier layer of conductive material is deposited over the dielectric layer. The 
barrier layer is deposited by atomic layer deposition to a thickness of less than about 50 
angstroms. 

[0071] A thin layer of photoresist is spread on the substrate, patterned and 
selectively removed so that it covers only one of the transistor regions. A thick layer of first 
gate electrode material is deposited on the substrate and planarized by CMP down to the level 
of the photoresist. The remaining photoresist is removed from the substrate surface using 
conventional ashing techniques and a thick layer of second conductive material is deposited 
over the substrate. The surface of the substrate is then planarized by CMP. 

Example 3 

[0072] A dielectric layer is deposited on a silicon substrate by atomic layer 
deposition. A barrier layer of conductive material is deposited over the dielectric layer. The 
barrier layer is deposited by atomic layer deposition to a thickness of less than about 50 
angstroms. 

[0073] A thick layer of first conductive material is deposited over the barrier 
layer. The layer of first conductive material may comprise the same conductive material as 
the barrier layer or may be a different conductive material. 

[0074] A thin layer of photoresist is spread on the substrate, patterned and 
selectively removed. The thick layer of first conductive material is etched so that it covers 
only one of the transistor regions. The remaining photoresist is removed and a thick layer of 
second gate electrode material is deposited over the substrate and planarized by CMP down 
to the level of the thick layer of first conductive material. 

[0075] A third thick layer of conductive material is subsequently deposited over 
the substrate. The third thick layer may comprise the same material as one of either the first 
or second thick layers. Alternatively, the third thick layer may comprise a different material. 

[0076] The work functions of the PMOS and NMOS regions are determined by 
the composition of the first and second thick layers. 
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